The luxA, B, C, D, and E genes from Photorhabdus luminescens were cloned and functionally expressed in Saccharomyces cerevisiae to construct a bacterial lux-based yeast bioreporter capable of autonomous bioluminescence emission. The bioreporter was engineered using a series of pBEVY yeast expression vectors that allowed for bi-directional constitutive or inducible expression of the individual luxA, B, C, and E genes. The luxD gene, encoding the acyl-ACP transferase that ultimately supplies the requisite aldehyde substrate for the bioluminescent reaction, was fused to a yeast internal ribosomal entry site (IRES) sequence to ensure high bi-cistronic expression. Although self-generation of bioluminescence was achieved by the bioreporter, the signal was relatively weak and decayed rapidly. To overcome this instability, a flavin oxidoreductase gene (frp) from Vibrio harveyi was co-expressed to provide sufficient concentrations of the FMNH 2 co-factor required for the bioluminescent reaction. Expression of frp with the lux genes not only stabilized but also enhanced bioluminescence to levels approaching 9.0U10 5 times above background. ß
Introduction
The integration of reporter gene fusions into living cells has produced an extensive array of bioreporter organisms capable of speci¢cally detecting and quantifying numerous chemical, biological, and physical agents [1] . Interaction of a bioreporter with its unique target instigates a transcriptional reporter gene response manifested as an easily discernible phenotypic signal, for example, a colorimetric change (lacZ, cat) or a £uorescent (gfp) or bioluminescent (lux, luc) optical display that is then measured and quanti¢ed through an appropriate analytical device interface. Critical to the simplicity of reporter gene bioassays is the direct and independent transfer of the biochemical signal to the measuring device. Bioreporters constructed on a lacZ, cat, or luc platform, for example, require a succession of pre-processing steps involving cell lysis or permeabilization and/or addition of secondary substrates before ¢nal signal generation is achieved. Likewise, gfp-based bioreporters are dependent on ancillary instrumentation for ultimate activation of their £uorescent signal. The bacterially derived lux system, however, is unique and particularly useful in bioreporter assays because all the components necessary for expression of its bioluminescent signal are present within the cell, thus obviating the need for any external manipulations. The pentacistronic lux operon consists of a luxAB component that encodes for a bacterial luciferase that oxidizes FMNH 2 and a long-chain aliphatic aldehyde in the presence of molecular oxygen to yield a 490-nm optical signature. The aldehyde is subsequently regenerated by a multi-enzyme reductase complex encoded by the luxC, luxD, and luxE genes [2] . Thus, no exogenous substrate additions are necessary, allowing the self-generated bioluminescent response to be directly linked to photonic detectors for facile in vivo, real-time monitoring.
Mainstream application of luxCDABE-based bioreporters emphasizes early-warning on-line ecotoxicological and bioavailability monitoring [1, 3, 4] , but their recent evolution towards biocomputing [5] , gene arrays [6] , and noninvasive in vivo diagnostic imaging [7] suggests much broader potentials. However, the lux genetic system remains constrained by two basic and well-established tenets: (1) the lux operon can only be expressed in prokaryotes, and (2) these prokaryotes must be aerobic since the Lux reaction requires molecular oxygen for bioluminescence production. In this research e¡ort, we have addressed and successfully overcome tenet number 1, and demonstrate for the ¢rst time functional expression of the luxCDABE operon in the yeast Saccharomyces cerevisiae. The resulting strain, designated S. cerevisiae BLYEV, generates bioluminescence at levels comparable to prokaryotic luxCDABE-based bioreporters while a¡ording a signi¢cant advancement in current bioassay methodologies by ¢nally providing the 'eukaryotic advantage' and 'lux advantage' in an inclusive bioreporter package. Using eukaryotes rather than prokaryotes as estimators of chemical hazards is far more relevant to human risk, thus providing direct information on mutagenicity and carcinogenicity potentials. Pairing eukaryotes with the luxCDABE reporter gene provides the facile hands-o¡ monitoring prerequisites necessary for high-throughput screening and molecular-imaging technologies. We describe here the genetic construction of strain BLYEV and its subsequent testing towards an innovatively new bioreporter sensing technology.
Materials and methods

Strains, plasmids, and growth conditions
Strains and plasmids used in this study are listed in Table 1 . Escherichia coli DH5K, used as a host for plasmid construction and maintenance, was grown in Luria^Berta-ni (LB) broth [8] at 37 ‡C with or without 100 Wg ampicillin ml 31 depending on the requirement for plasmid maintenance.
YPD liquid medium (1% yeast extract, 2% peptone, 2% glucose) was used for routine growth of plasmid-free S. cerevisiae strains. S. cerevisiae strains harboring plasmids were grown in synthetic complete (SC) minimal media containing 0.67% yeast nitrogen base (Invitrogen, Carlsbad, CA, USA), 0.01% each of adenine, arginine, cysteine, leucine, lysine, threonine, tryptophan, and uracil, and 0.005% each of aspartic acid, histidine, isoleucine, methionine, phenylalanine, proline, serine, tyrosine, and valine. The pBEVY family of vectors used in this study contained bi-directional promoters which provide for either constitutive or galactose-inducible expression of exogenous proteins (Table 1 and Fig. 1 ) [9] . The plasmids pBEVY-U and pBEVY-L each contain two constitutive promoters, a glyceraldehyde 3P-phosphate dehydrogenase (GPD) and a fragment of the alcohol dehydrogenase 1 (ADH1), which were fused to regulate protein expression in opposite directions in glucose-containing media. In the plasmids pBEVY-GU and pBEVY-GL, a promoter region between GAL1 and GAL10 strongly regulates the expression of proteins in the presence of the Gal4 transcription factor. Plasmids pBEVY-U and pBEVY-GU contain the URA3 selection marker and were selected on uracil-de¢-cient media. Plasmids pBEVY-L and pBEVY-GL carry the LEU2 selection marker and were propagated in SC minimal media lacking leucine.
For constitutive expression of proteins from the vectors pBEVY-U and pBEVY-L, 1% glucose was added to the SC minimal media. For inducible expression of proteins from pBEVY-GU and pBEVY-GL, the induction medium contained 2% galactose and 1% ra⁄nose instead of glucose.
Molecular-biology techniques
DNA manipulations were performed according to standard protocols [8] . Plasmids were transformed into E. coli and S. cerevisiae by electroporation using an Electro Cell Manipulator ECM600 (BTX, San Diego, CA, USA) as described by the manufacturer. Plasmid isolation was performed using Wizard mini-or midi-prep kits (Promega, San Luis Obispo, CA, USA) or the RPM yeast plasmid isolation kit (BIO101, Carlsbad, CA, USA). Restriction and DNA-modifying enzymes were obtained from Promega or New England Biolabs (Beverly, MA, USA) and used according to the manufacturer's instructions. The polymerase chain reactions (PCRs) were performed in 25-Wl volumes using Ready-To-Go PCR beads (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and the oligonucleotide primers listed in Table 2 . Oligonucleotides were synthesized with an Oligo1000 DNA Synthesizer (Beckman Instruments, Fullerton, CA, USA). DNA sequencing was performed with the ABI Big Dye Terminator Cycle Sequencing reaction kit on an ABI 3100 DNA Sequencer (Perkin-Elmer, Foster City, CA, USA).
Cloning of the luxA and luxB genes into the pBEVY-U and pBEVY-GU vectors
The luxA gene was PCR-ampli¢ed from Photorhabdus luminescens using forward (LuxAF) and reverse (LuxAR) primers (Table 2) to introduce the restriction sites BamHIN otI at the 5P end and SalI at the 3P end. The PCR-ampli¢ed fragment was digested with BamHI and SalI and Fig. 1 . Schematic representation of constructs used for expression of the luxA, B, C, D, and E genes from P. luminescens in S. cerevisiae (not to scale). A: The luxA gene was inserted into the BamHI^SalI sites of the pBEVY-GU and pBEVY-U vectors to generate pGUA9 and pUA12 ( Table 1 ). The luxB gene was cloned in the SmaI^KpnI sites of pGUA9 and pUA12 downstream of the GAL1 and ADH1 promoters to produce the inducible plasmid pGUA9B19 and the constitutive plasmid pUA12B7. B: The luxC gene, containing AvrII and SalI restriction sites at its 3P end, was cloned into the BamHI^SalI sites of pBEVY-GL and pBEVY-L downstream of the GAL10 and GPD promoters to produce pGLC2 and pLC10, respectively ( Table 1 ). The luxE gene was inserted into the SmaI^KpnI sites of these constructs downstream of either the GAL1 or ADH1 promoter. The luxD gene was ¢nally cloned downstream of the luxC gene in the AvrII^PstI sites and placed under the control of an IRES ampli¢ed from S. cerevisiae. The resulting plasmid constructs were designated pGLCIRESDE4 and pLCIRESDE8 (Table 1) . C: The IRESfrp fused fragment was inserted into the EcoRI site of the pLCIRESDE8 construct downstream of luxE yielding pLCIRESDEIRESfrp. Arrows indicate direction of transcription or translation of promoters and IRES inserts. Relevant restriction sites are indicated as follows: A, AvrII; B, BamHI; E, EcoRI; K, KpnI; N, NotI; P, PstI; Sc, SacI; Sl, SalI; Sm, SmaI; Sp, SpeI; X, XmaI. Table 2 Oligonucleotide primers used in this study
a Newly generated restriction sites are shown in boldface type.
cloned into compatible sites within the pBEVY-U and pBEVY-GU vectors downstream of the GPD and GAL10 promoters, respectively (Fig. 1A) . Each ligation reaction product was electroporated into E. coli DH5K and ampicillin-resistant colonies selected. Plasmid DNA was subsequently isolated and sequenced to con¢rm the presence and orientation of the luxA gene. Two of these plasmids, designated pGUA9 and pUA12, were then used as cloning vectors for insertion of the luxB gene. luxB was PCR-ampli¢ed from P. luminescens using forward (LuxBF) and reverse (LuxBR) primers designed to introduce the unique restriction sites SmaI^SpeI at the 5P end and KpnI at the 3P end and then ligated downstream of the GAL1 promoter in pGUA9 and the ADH1 promoter in pUA12 to produce the plasmids pGUA9B19 and pUA12B7 (Fig. 1A) . Plasmids pGUA9B19 and pUA12B7 were introduced into S. cerevisiae strains W303a and hER (Table 1 ) and transformants selected on SC minimal selective media. Light emission was assayed for in the presence of n-decanal.
Cloning of the luxC and luxE genes into the pBEVY-L and pBEVY-GL vectors
The luxC and luxE genes were cloned bi-directionally into the pBEVY-L and pBEVY-GL vectors (Fig. 1B) . PCR-ampli¢ed fragments of luxC (using primers LuxCF and LuxCR with restriction sites BamHI^NotI-5P and AvrII^SalI-3P) were cloned into the BamHI^SalI sites of the pBEVY-L and pBEVY-GL vectors to yield plasmids pLC10 and pGLC2, respectively. The luxE gene was then ampli¢ed from P. luminescens with a LuxEF (SmaI^SpeI-5P)/LuxER (KpnI-3P) primer set and cloned into the SmaI^KpnI sites of pLC10 and pGLC2 under the control of the ADH1 or GAL1 promoters to yield pLCE8 and pGLCE4 (Table 1) . Plasmid pLCE8 was cotransformed with pUA12B7 into S. cerevisiae strains hER and W303a and selected on SC minimal media lacking uracil and leucine. Resulting colonies were screened for light emission in the absence of n-decanal. Similarly, pGLCE4 and pGUA9B19 were co-transformed into S. cerevisiae strains W303a and hER. Colonies were selected on galactose-inducible media and screened for light production without n-decanal addition.
Cloning luxD into the pLCE8 and pGLCE4 constructs
The luxD gene was cloned into pLCE8 and pGLCE4 downstream of the luxC gene (Fig. 1B) . luxD was PCRampli¢ed from P. luminescens using the LuxDF and LuxDR primers, which were designed to introduce SalI and PstI restriction sites. The resulting product was cloned into the pCR 2.1-TOPO vector using the TOPO TA cloning kit (Invitrogen) to produce the plasmid pTAluxD, which was puri¢ed and further used to clone the internal ribosomal entry site (IRES) fragment upstream of the luxD gene. The IRES fragment was PCR-ampli¢ed from S. cerevisiae genomic DNA using the IRESF and IRESR primer pairs containing AvrII and SalI overhangs, cloned into a pCR 2.1-TOPO vector to yield pTAIRES. The modi¢ed IRES was then removed from the TA vector with a BamHI^SalI double digest, puri¢ed, and cloned into pTAluxD previously digested with BamHI and SalI, resulting in the construct designated pTAIRESluxD4. pTAIRESluxD4 was digested with AvrII and PstI to generate an IRES^luxD insert that was gel-puri¢ed and cloned into compatible sites within pLCE8 and pGLCE4 downstream of the luxC gene to generate the plasmids pLCIRESDE8 and pGLCIRESDE4, respectively. Plasmid pLCIRESDE8 was electroporated along with pUA12B7 into S. cerevisiae strains W303a and hER. Plasmid pGLCIRESDE4 was co-transformed with pGUA9B19 into S. cerevisiae strains W303a and hER. Transformants were selected on SC minimal media and screened for light emission in the absence of n-decanal using a Hamamatsu photon counting ICCD camera C2400-30 (Spring Branch, TX, USA) attached to a Nikon Eclipse TE300 microscope (Melville, NY, USA). Total photon emissions were quanti¢ed using the Aquacosmos 1.3 software package (Hamamatsu).
Cloning frp into the pLCIRESDE8 construct
The frp gene encoding the NADPH-FMN oxidoreductase was PCR-ampli¢ed from Vibrio harveyi with the FrpF and FrpR set of primers, introducing AvrII and SalI restriction sites, and cloned into the pCR 2.1 TOPO vector to yield pTAfrp. The IRES fragment was isolated from pTAIRES via a BamHI^SalI digest and cloned into compatible sites of pTAfrp to generate pTAIRESfrp. pTAIRESfrp was further digested with EcoRI to produce an IRES^frp fragment, which was cloned into pLCIRESDE8 downstream of the luxE gene to produce pLCIRESDEIRESfrp (Fig. 1C) .
Cell growth and bioluminescence assays
Yeast cells containing either pUA12B7 alone or in combination with pLCE8, pLCIRESDE8, or pLCIRESDEIRESfrp were grown with shaking (200 rpm) at 30 ‡C in SC minimal media containing glucose as a carbon source. Aliquots of 20 ml were withdrawn every 6 h for up to 24 h to assay for absorbance at 600 nm (OD 600 ) and light emission at 490 nm. To study the expression of proteins from the GAL1 and GAL10 promoters, yeast cells harboring either pGUA9B19 alone or in combination with pGLCE4 or pGLCIRESDE4 were propagated in 100 ml of SC minimal media containing 2% ra⁄nose, centrifuged, and inoculated at an OD 600 of 0.4 into 200 ml of induction media containing 2% galactose and 1% ra⁄nose. Aliquots of 20 ml were then collected every 2 h until the luminescent signal began decaying. All light emission val-ues were obtained with a Deltatox photoluminometer (Strategic Diagnostics, Newark, DE, USA) using an integration time of 1 s. Luminescence from yeast cells containing only pUA12B7 or pGUA9B19 was determined after addition of 25 Wl of 1% n-decanal (v/v in H 2 O) to a 1-ml subculture. Luminescence from yeast cells containing either the luxA, B, C, and E genes (pUA12B7/pLCE8) or the luxA, B, C, D, and E genes (pUA12B7/pLCIRESDE8 and pUA12B7/pLCIRESDEIRESfrp) on constitutive vectors was detected from a 1-ml subculture with or without the addition of n-decanal. Similarly, luminescence was recorded from yeast cells containing plasmids pGUA9B19/ pGLCE4 and pGUA9B19/pGLCIRESDE4 after galactose induction with or without n-decanal addition. Speci¢c bioluminescence was calculated as photons s 31 and normalized to growth rate by dividing by OD 600 . S. cerevisiae strains transformed with vectors not containing a lux insert were used as controls and treated in parallel with the experiments described above.
Cell lysis, polyacrylamide gel electrophoresis, and Western blotting
Yeast cells from 5-ml, 18-h cultures were lysed in 200 Wl of breaking bu¡er (50 mM sodium phosphate, pH 7.4, 1 mM EDTA, 5% glycerol, 1 mM PMSF) by vortexing with acid-washed glass beads [10] . Protein concentrations were determined by the Coomassie Plus protein assay (Pierce, Rockford, IL, USA). 20 Wg of total protein was applied per lane on 12% SDS polyacrylamide gels and separated according to Laemmli [11] .
For Western blot analysis, proteins were transferred to PVDF membranes and the blots reacted with antibodies (1:10 000) raised against LuxD-speci¢c peptide (Genemad Synthesis, South San Francisco, CA, USA). Blots were developed with the Bio-Rad goat anti-rabbit IgG AP Immunoblot assay kit (Bio-Rad, Hercules, CA, USA).
Results
Cloning and expression of the luxA and luxB genes
To express the luxA and luxB genes simultaneously, two bi-directional vectors were used, pBEVY-U and pBEVY-GU (Fig. 1A) . The luxA and luxB genes were cloned into these vectors downstream of the GPD or GAL10 and ADH1 or GAL1 promoters to form plasmids pUA12B7 (constitutive) and pGUA9B19 (galactose-inducible). When the pUA12B7 construct was transformed into S. cerevisiae strains hER and W303a, all strains exhibited an increase in speci¢c bioluminescence with time in the presence of n-decanal (Fig. 2) 600 for strain hER (pUA12B7)). Bioluminescence decreased beyond 18 h as cultures entered stationary phase. In all cases, the response pro¢le featured an immediate peak in bioluminescence after addition of n-decanal followed by rapid signal decay. A second peak in luminescence could not be induced through the addition of further substrate or shaking to stimulate oxygen saturation. Control strains produced background levels of bioluminescence of less than 50 photons s 31 OD 31 600 . To determine luxA and luxB expression under the control of the inducible promoters in pBEVY-GU, colonies transformed with pGUA9B19 were grown in induction Fig. 2 . Expression of the luxA and luxB genes from pUA12B7 transformed into S. cerevisiae strains hER and W303a. The luciferase activity of the transformed yeast cells, growing in 1% glucose SC minimal media, was determined after addition of 25 Wl of 1% n-decanal to 1-ml subcultures removed at time points indicated. Speci¢c bioluminescence was calculated in triplicate from three independent experiments. Bioluminescence was assayed every 2 h after induction. The 10-h time points, shown in the table, consistently produced the highest bioluminescent levels (n = 9). a Bioluminescence detected after addition of 25 Wl 1% n-decanal to 1-ml subcultures.
b Bioluminescence values without n-decanal addition.
media containing galactose and speci¢c bioluminescence measured with growth (Table 3) . Results demonstrated that maximum bioluminescence was consistently produced 10 h after galactose induction, when the OD 600 reached approximately 2.2. Beyond 10 h of induction photon emission decreased. Strain W303a (pGUA9B19) produced the largest bioluminescent response, approximately 1.4-fold higher than that of strain hER (pGUA9B19). Light emissions from the inducible pGUA9B19-containing strains were always signi¢cantly lower than those seen in the constitutive pUA12B7-containing strains (t-test, P = 0.05). For example, the highest bioluminescent response produced by strain W303a (pGUA9B19) was approximately seven-fold lower than the highest response seen in strain W303a (pUA12B7).
Cloning and expression of the luxC and luxE genes
The luxC and luxE genes were cloned into the pBEVY-L vector downstream of the GPD and ADH1 promoters, respectively, and into pBEVY-GL vectors under the control of the inducible GAL10 and GAL1 promoters, respectively (Fig. 1B) . Assuming that S. cerevisiae cells maintain a native pool of myristoyl CoA [12] , bioluminescence without n-decanal addition was predicted from yeast strains transformed with both the luxAB and luxCE pBEVY constructs. Although this proved to be the case, bioluminescent levels were much lower than expected, only attaining maximum values of approximately 50 000 photons s 31 OD 31 600 for both the constitutive (Fig. 3A) and inducible (Table 3) constructs.
To ascertain whether the low bioluminescent responses were due to inadequate intracellular aldehyde concentrations, experiments were repeated with samples now receiving supplemental n-decanal. The constitutive constructs generated signi¢cantly higher bioluminescent responses (Fig. 3B) , but overall values still remained signi¢cantly lower than the n-decanal responses in the corresponding constructs containing only the luxA and B genes (Fig. 2) . n-Decanal addition to the galactose-inducible constructs also yielded signi¢cantly higher light responses (approximately 10-fold greater than that seen in constructs not exposed to n-decanal (data not shown)).
Cloning and expression of the luxD gene
To increase intracellular myristoyl CoA concentrations in S. cerevisiae, the luxD gene was cloned and incorporated into the previously constructed pBEVY constructs Fig. 3 . Simultaneous expression of luxAB and luxCE in S. cerevisiae strains hER and W303a. Speci¢c bioluminescence was determined from yeast cultures co-expressing plasmids pUA12B7 and pLCE8. Cultures were grown in 1% glucose SC minimal media with continuous shaking at 30 ‡C for 24 h. At times indicated, 1-ml subcultures were removed and held without shaking for 10 min. Photon counts were then taken in (panel A) the absence of n-decanal or (panel B) with the addition of 25
Wl of 1% n-decanal. Fig. 4 . Expression of the luxA, B, C, D, and E genes in S. cerevisiae strains hER and W303a. Bioluminescence was detected from a 1-ml subculture of yeast recombinants harboring plasmids pUA12B7 and pLCIRESDE8 without the addition of n-decanal. Subcultures were held without shaking for 10 min prior to obtaining photon counts. Fig. 5 . Expression of the luxA, B, C, D, and E genes and the frp gene from V. harveyi in S. cerevisiae strains hER and W303a. Bioluminescence was generated without n-decanal addition from continuously shaking cultures.
(pLCE8 and pGLCE4) downstream of an IRES fragment to ensure maximal expression (Fig. 1B) . The resulting strains, W303a (pUA12B7/pLCIRESDE8) and hER (pUA12B7/pLCIRESDE8), were then assayed for light production in the absence of n-decanal. Maximum bioluminescence was again seen 18 h after treatment, with strain W303a (pUA12B7/pLCIRESDE8) yielding a bioluminescent response 33-fold greater than that of its corresponding luxD-de¢cient strain (W303a (pUA12B7/ pLCE8)) (Fig. 3A vs. Fig. 4) . Similarly, strain hER (pUA12B7/pLCIRESDE8) produced a bioluminescent response 24-fold greater than its luxD-de¢cient equivalent hER (pUA12B7/pLCE8). Western blots con¢rmed luxD expression (data not shown). Although bioluminescence could be autonomously generated from yeast cells expressing the luxA, B, C, D, and E genes, it was unstable, generally persisting at maximum levels for less than 20 s.
Bioluminescent expression from the galactose-inducible constructs (W303a and hER harboring pGUA9B19/ pGLCIRESDE4) was signi¢cantly lower ( s three-fold) than from their constitutive counterparts (Table 3) . Responses typically averaged 400 000 photons s 31 OD 31 600
and were comparable to those of the luxAB-only constructs (pGUA9B19) that had been treated with n-decanal.
Cloning and expression of £avin oxidoreductase from frp
With the intention of increasing intracellular concentrations of FMNH 2 , the frp gene, encoding the NADPH-dependent FMN oxidoreductase from V. harveyi, was cloned and co-expressed with the lux genes (Fig. 1C) . Expression of the frp gene in strains W303a (pUA12B7/pLCIRESDEIRESfrp) and hER (pUA12B7/pLCIRESDEIRESfrp) not only stabilized but enhanced bioluminescence up to 5.5-fold as compared to strains without the frp gene. Maximum speci¢c bioluminescence was observed from samples withdrawn from continuously shaking cultures after 6 h of growth for both strains W303a (pUA12B7/pLCIRESDEIRESfrp) (9.0 þ 0.27U10 6 (Fig. 6) [13].
Discussion
The luxA, B, C, D, and E genes from P. luminescens were successfully cloned into pBEVY vectors and functionally expressed in S. cerevisiae. The P. luminescens lux system has identical aldehyde speci¢city with V. harveyi and displays higher thermal stability than that of the V. harveyi and V. ¢scheri luciferase enzymes [14, 15] . The functional expression of fused luxA and luxB genes has been detected at low levels in a variety of eukaryotic cells [16^20] . However, at higher temperatures these constructs failed to fold properly and poorly bioluminesced [21] . Therefore, in this study an alternative approach was used whereby the luxA and B genes were expressed independently via bi-directional cloning in pBEVY-U and pBEVY-GU vectors and placed under the control of either constitutive (GPD and ADH1 in pBEVY-U) or inducible (GAL1 and GAL10 in pBEVY-GU) promoters. Luminescence resulting from constitutive expression of luxA and B from pBEVY-U, in the presence of exogenous n-decanal, was shown to be approximately 20 times greater (42 000 times above background) than that reported for constitutive expression from fused luciferases (2000 times above background) in S. cerevisiae [19] . Constitutive luciferase expression from the pBEVY-U derived vectors was also greater than that from the galactose-inducible pBEVY-GU vectors. This was expected since expression under inducible conditions is often lower than that obtained under constitutive conditions due to growth rate alterations [22] .
Light output kinetics of the luciferase enzyme expressed from the pBEVY-U and pBEVY-GU derived constructs displayed an immediate pulse of light after addition of n-decanal, followed by an immediate decline to baseline within 20 s. Further addition of n-decanal failed to induce a second peak of bioluminescence. This decay in bioluminescence after n-decanal addition can be attributed either to the limited pools of FMNH 2 available in S. cerevisiae [16, 17] or to toxic e¡ects of n-decanal on the cells [23] . However, in our studies, when luxC, D, and E were expressed in S. cerevisiae, the levels of aldehyde synthesized in the cells did not seem to inhibit cell growth, since 10 7^1 0 8 colony-forming units ml 31 were obtained on SC minimal media in the samples collected after 18 h of incubation. These values were comparable to cell numbers obtained on control plates, negating the likelihood that the aldehyde synthesized was toxic. Therefore, it seemed more likely that FMNH 2 concentrations were limited in the cells making the bioluminescent reaction unstable.
Eukaryotic cells have a pool of myristoyl CoA, produced by the fatty acid synthetase complex and by cellular acyl-CoA synthetases [24, 25] . The myristoyl CoA is essential for the vegetative growth of S. cerevisiae and is used as a substrate for protein N-myristoylation by the enzyme N-myristoyl-transferase [12] . The whole-cell bioluminescent response from the recombinant yeast cells containing only the luxCE and luxAB genes in the absence of n-decanal may result from the utilization of this free myristoyl CoA by the NADPH-dependent luxC-encoded acyl-CoAreductase subunit of the fatty-acid reductase complex. Myristoyl CoA may react directly with the LuxC reductase to form an intermediate acylated product that is reduced by NADPH to form the aldehyde substrate for the bioluminescent reaction. However, unlike the luxD-encoded acyl transferase, the LuxC reductase cannot be acylated with either acyl-ACP or with acyl glycerides present in the cytoplasm, thereby limiting the concentration of acyl-CoA in the cell [26] . This may explain the low bioluminescence values observed in the luxAB/luxCE dual transformants in these experiments. The cloning and simultaneous expression of the luxD gene in yeast was therefore necessary in order to satisfactorily drive the bioluminescent reaction, since LuxD is responsible for generating the fatty-acyl groups from acyl-ACP and acyl-CoA that are required for the LuxE synthetase.
In order to reduce the number of plasmids required in the yeast constructs, the luxD gene was expressed from the same vector containing luxC and luxE by internal initiation of translation using a yeast IRES fragment. In eukaryotes, translation of some mRNAs containing an IRES occurs by internal initiation [27^29]. Two such naturally occurring nucleotide sequences that function as IRESs in vegetatively growing yeast have been identi¢ed in the 5P leader sequences of S. cerevisiae YAP1 and p150 mRNAs [30] . The p150 leader functions as a potent IRES, enhancing translation of downstream genes approximately 200-fold. Western blots and bioluminescent assays of yeast cells containing the luxD cistron downstream of the IRES fragment were consistent with these previous studies. Higher levels of bioluminescence were observed in S. cerevisiae cells containing the luxA, B, C, E, and D genes as compared to S. cerevisiae de¢cient in the luxD gene, thereby emphasizing the requirement for luxD in e⁄cient yeast bioluminescence.
The yeast cells harboring the luxA, B, C, D, and E genes on the pBEVY-U and pBEVY-L vectors continuously generated 2500 times more bioluminescence than background, while shaking. However, much higher bioluminescent responses (seven-fold) were recorded from these cells if the culture was allowed to stand for 10 min without shaking. It was hypothesized that this was due to a de¢ciency in available FMNH 2 for the bioluminescent reaction. The FMNH 2 pool in yeast cells is likely generated from the £avin reductase activity of chorismate synthase which catalyzes the conversion of 5-enolpyruvylshikimate 3-phosphate to form chorismate [31] . However, this enzyme may not be producing adequate amounts of FMNH 2 to yield optimal bioluminescence from the available luciferase. To determine if this was the case, the frp gene encoding the NADPH-dependent FMN oxidoreductase from V. harveyi was cloned and co-expressed with the lux genes. Samples withdrawn from continuously shaking cultures now produced bioluminescence at up to ¢ve times greater intensity as compared to cells without the frp insert.
Saccharomyces expressing the lux genes produced reagentless bioluminescence at levels greater than or equal to many prokaryotic bioreporters containing a luxCDABE transcriptional fusion. The ability to extend this fully functional bacterial lux system to eukaryotic cells opens many opportunities for continuous bioprocess monitoring, high-throughput screening systems, and in vivo sensor and diagnostic applications. In the past, such eukaryotic gene expression monitoring has largely been con¢ned to GFP and exogenous luciferin-dependent luminescence (luc) assays. However, it is clear that the lux system functions well in a model lower eukaryote and this suggests a likely extension of the system to other eukaryotic cell lines.
